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Investigation of the state-to-state rotational relaxation rate constants 
for carbon monoxide (CO) using infrared double resonance 
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J. K. Mclver and W. G. Rudolph 
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State-to-state rotational relaxation of carbon monoxide (CO) has been studied using an ir double 
resonance technique. Individual rotational lines of the (2-0) vibrational overtone band were pumped 
by a pulsed tiinable ir laser and the subsequent evolution of the v = 2 rotational population 
distribution was monitored by tiie absorption of a tunable cw ir laser via the (3-2) band tiransitions. 
Both the excitation and probe lasers were linearly polarized, with Unewidths that were narrower than 
the CO Doppler width. Consequently, aUgnment and velocity relaxation effects were observed in 
these measurements. A data set consisting of 54 time-dependent rotational state population profiles 
was acquired. The full CO-CO rotational relaxation matrix, which consists of state-to-state rate 
constants for rotational levels up to 7=29, was deduced from computer simulations of the data. 
Scaling and fitting laws were used to provide parametric representations of the rate constants. The 
three most common models, modified exponential gap, statistical polynomial-exponential gap 
(SPEC), and energy corrected sudden with exponential-power gap (ECS-EP) were investigated. We 
concluded that the SPEC law best reproduced the CO-CO rotational energy ti-ansfer data. A 
propensity to preserve the CO parity in rotational energy ti-ansfer was observed for collisions where 
the amount of energy ti-ansferred was small. Hence even A/ processes were favored for transitions 
between levels with low J values. For near-single collisions events a correlation was noted between 
the amount of rotational energy transferred and the degree of velocity distribution relaxation. This 
correlation yielded insights regarding the energy transfer dynamics. © 2002 American Institute of 
Physics.   [DOI: 10.1063/1.1472516] 

I. INTRODUCTION 
Rotational energy transfer (RET) rates influence many 

fundamental processes such as sound propagation, absorp- 
tion, and dispersion in a gas medium,'"'* the population evo- 
lution of nonequiUbrium systems Uke the high temperature 
environment of flames,"*'' the viscosity of a gas,"* optical 
pumping processes,^"" and the pressure broadening of spec- 
tral linewidths.'^"''* Data for RET processes are needed to 
predict and explain the final quantum state populations of 
exothermic reactions''"'^ and chemical lasers.'^''^ RET can 
increase the efficiency of an optically pumped molecular la- 
ser (OPML) by decreasing saturation of the pump transition. 
This is accompUshed by removing populatii^n from the upper 
populated level while simultaneously adding population to 
the lower depleted level. Efficient RET in CO-hCO colli- 
sions has been invoked to explain the high efficiency of (2-0) 
band pumping of a CO OPML,^" while transfer of population 
out of the pumped rotational level to adjacent levels resuUs 
in multiUne lasing on the (2-1) band.^' It has been shown that 
the CO OPML can operate single frequency and is tunable 

^'Author to whom correspondence should be addressed; electronic mail: 
gordon.hager@kirtland.af.mil 

between 4.63 and 4.88 ^m using a diffraction grating to 
select various R- and P-branch tiansitions of the (2-1) 
band.^' 

Initial efforts to determine the RET rate constants for CO 
focused on thermal conductivity and speed of sound 
measurements."^"^' More recentiy, rotational relaxation rate 
constants of CO have been deduced from free jet expansion 
data by measuring the extent to which rotational populations 
reach equilibrium before coUisions in the freely expanding 
gas diminish.^^"^" However, since these methods are not 
state resolved they are insensitive to the details of the state- 
to-state rate constant matrix. For CO the most common 
methods employed for the study of RET rate constants have 
focused on spectral properties, such as Unewidth measure- 
ments of Raman g-branch transitions.'^'"*-^' The Unewidths 
define the rate at which a specific rotational level experiences 
phase-interrupting coUisions, but they do not provide infor- 
mation about the range of final states populated. Interpreta- 
tion of this data is further compUcated by the fact that the 
Unewidths are determined by contributions from both inelas- 
tic (rotational and vibrational relaxation) and elastic (pure 
dephasing) coUisional processes. 

Although infrared (ir) double resonance experiments 
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provide the most accurate and sensitive method to make di- 
rect observations of state-to-state transfer processes, the tech- 
nical challenge they pose is such that only two ir pump- 
piobe experiments have been reported for CO,''^'^ In these 
studies rotational relaxation of CO was examined using a 
pulsed CO laser to populate a single rotational level of i; 
= 1, while a cw CO laser was used to monitor the time- 
dependent evolution of the population in adjacent rotational 
levels, via the (2-1) band absorption. State-resolved transfer 
processes were characterized, but the group of rotational lev- 
els investigated was too small to permit the construction of a 
complete rate constant matrix. At present, there is consider- 
able disagreement between the sets of RET rate constants 
reported by previous investigators. 

Our studies of CO-l-CO RET are motivated, in part, by 
ongoing efforts to develop CO overtone lasers. In addition, 
CO RET is of relevance to processes occurring in the atmo- 
sphere, interstellar space, and hydrocarbon combustion. 
From a theoretical perspective it is of interest to learn which 
of the most conmion forms of rate constant scaUng relation- 
ships best represent CO RET data. In the present work we 
have considered the modified exponential gap (MEG),''*'^'* 
statistical polynomial-exponential gap (SPEG),''**^'"^* and en- 
ergy corrected sudden with exponential-power gap 
(ECS-EP)'""* models. Looney era/." suggested that CO 
RET has a tendency to conserve parity, and we have been 
able to quantify this effect. Lastly, as the CO-l-CO system is 
computationally tractdjle, the data obtained in this study will 
be suitable for testing high-level theoretical models of 
diatom-diatom scattering processes. 

In this paper we present the most extensive investigation 
to date of the room temperature CO-CO RET. The rate con- 
stant matrix (J=0-29) was deduced from a data set that 
consisted of population evolutions for 54 different pump and 
probe transition combinations. The MEG, SPEG, ECS-EP 
scaling laws were used to generate rotational relaxation rate 
constant matrices. Time-dependent level populations were 
simulated by numerical solution of the master equation. 
Computed temporal profiles were compared with the experi- 
mental results to determine which of the scaling relationships 
gave the most realistic results. 

Correlations between the quantity of rotational energy 
transferred and the extent of velocity randomization were 
noted during these measurements. These correlations re- 
vealed aspects of the enei^y transfer process that are readily 
appreciated using classical models. 

II. EXPERIMENT 

An energy level diagram that illustrates the pump-probe 
transition scheme used in the CO double resonance experi- 
ment is shown in Fig. 1. The long soUd arrow represents the 
pump laser wavelength that was tuned to a selected transition 
of the (2-0) overtone band of CO that prepared a single ro- 
tational level in v = 2. The pix)be laser was then tuned to 
various transitions of the (3-2) band and its time-resolved 
transmittance was monitored to follow the rotational popula- 
tions in the pumped and adjacent rotational levels. The short 
solid arrow in Fig. 1 represents a (3-2) band probe transition 
from the rovibrational level that was directly populated by 
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FIG. 1. An energy level diagram which illustrates the pump-probe temsition 
scheme used in the CO ir double resonance experiment 

the pump laser. The dashed arrows represent probe transi- 
tions that originate ftom rotational levels that were populated 
by RET. 

The apparatus used for these measmements is shown in 
Fig. 2. CO gas was contained in a stainless steel absorption 
cell. The cell was a 71 cm long tube with a clear aperttire of 
6 em diameter. It was fitted with a gas inlet/outlet valve and 
wedged calcium fluoride (CaF2) windows. The CO gas pres- 
sure and temperature inside the absorption cell were mea- 
sured by a capacitance manometer (MKS, Baratron 
622A02TBE) and a K-type thermocouple, respectively. Typi- 
cal conditions were P=2Torr and r=297K. Frequently 
during the experiment, the gas inside the absorption cell was 

Photodiode 

CO 1 
Reference Cell 

FIG. 2. A schematic diagram of the pump-probe experimental apparatus. 
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evacuated and replaced with fresh CO (Air Products, ultra- 
high purity) to ensure that the purity remained high. 

The pump laser was a narrow bandwidth (—165 MHz) 
pulsed tunable optical parametric oscillator (OPO) system 
operating at 10 Hz with a temporal pulse width of 6 ns. The 
OPO system has been described in detail elsewhere^"'^' and 
therefore only a short description will be given here. The 
energy source for the OPO was an injection-seeded Nd:YAG 
laser (Spectra-Physics, GCR 170-10) that operated on a 
single longitudinal cavity mode and used second harmonic 
generation to efficiently produce an output wavelength of 
532 nm. The OPO was seeded with radiation from a tem- 
perature stabilized cw diode laser (New Focus, 6203) which 
was tuneable between 680 and 693 nm while having a band- 
width less than 5 MHz and an output power ~5 mW. The 
OPO output could be tuned from 2.29 to 2.44 ^am, with an 
output power of ~4 mJ per pulse. 

In the first experiments it was found that, if the gain in 
the CO gas cell produced by the pump laser pulse was suf- 
ficiently high, undesirable ampUfied spontaneous emission 
(ASE) would resuh. To reduce the single pass gain through 
the absorption cell a Keplarean telescope was used to expand 
the diameter of the pump beam from 3.4 to 26.5 mm. The 
pump beam power was further attenuated by placing a 0.635 
mm diameter pinhole at the focus of the telescope. This re- 
duced the output power by a factor of 10 and greatly en- 
hanced the beam quality. An ir camera (Spiricon, Pyrocam I) 
was used to view the pump beam after it had passed through 
the CO cell (see Fig. 2). This camera monitored the spatial 
profile of the pump beam during the experiments and was 
used to check that the pump beam was aUgned through the 
center of the absorption cell. 

To ensure that the pump radiation was at least near reso- 
nant with the desired CO transition the ir wavelength of the 
OPO was determined indirectly by measuring the frequency 
of the cw seed diode beam with a wavemeter (Burleigh, WA- 
20). Once the ir frequency had been determined by this 
method, only minor adjustments were needed to tune the 
pump into resonance with the CO transition of interest. Fine- 
tuning was guided by observing the transmittance of a small 
portion of the pump beam through a reference cell that con- 
tained 30 Torr of CO. A sharp decrease in the transmission 
through the reference cell was seen as the OPO was tuned 
into resonance. It was essential that the OPO pump laser 
provided a stable, fixed-frequency output over the duration 
of each temporal profile measurement. Hence the transmis- 
sion through the reference cell was monitored to ensure that 
there was no significant frequency drift during the data ac- 
quisition period. Measurements were terminated whenever 
frequency drift was detected. 

The probe laser was a narrow bandwidth (—30 MHz) cw 
lead sah diode laser (Muetek, GMBH OLS-150) tunable be- 
tween 4.6 and 5.0 /^m with an output power of —1.0 mW. 
The probe beam passed twice through the CO absorption 
cell, with the return beam slightly off-axis relative to the 
incoming beam, as represented by the dashed line in Fig. 2. 
The transmittance of the probe beam was monitored with 
two Uquid nitrogen cooled InSb detectors (Kolmer Technolo- 
gies, KISDP-0.5-J1, 10 ns rise time and a 12 kVAV sensitiv- 

Pump Pulse Timing 

SO 100 

COLLISIONS 
150 200 

FIG. 3. A pump-probe infrared double resonance signal which displays the 
collision-dependant transmittance of the probe laser that was tuned to the 
/?(16) transition of the (3-2) band of CO. A sharp decrease occurs in the cw 
probe transmittance after the pulsed pump laser timing which was tuned to 
the R( 13) transition of the (2-0) overtone band. The double resonance signal 
displays rapid rotational relaxation at early collisions while vibrational loss 
from y = 2 is responsible for the long exponential decay. The inset is an 
expanded region of the double resonance signal and shows that the CO-CO 
rotational relaxation process is complete by ~7 CO hard sphere colUsions. 

ity). Since the InSb detectors were sensitive to both the pump 
and probe laser wavelengths, long pass filters where placed 
in front of the detectors to absorb the pump radiation. The 
wavelength of the probe laser was tuned by changing the 
temperature and current across the liquid nitrogen cooled la- 
ser diode. Inconveniently, the current and temperature set- 
tings needed to bring the diode laser frequency into reso- 
nance with a desired CO transition were found to change 
daily. To confirm that the probe laser was resonant with the 
CO fransition of interest, the wavelength of the probe laser 
was measured using a 0.3 m monochromator (McPherson, 
218 with a 150 lines/mm grating blazed at 4.0 /im). 

As Unearly polarized lasers were used in these experi- 
ments care was taken to make sure that the resuks were not 
influenced by effects related to the relaxation of an initially 
aUgned population. These comphcations were avoided by re- 
cording the double resonance data with the pump and probe 
laser polarizations set at the magic angle (54.74°). 

III. RESULTS 

A typical pump-probe ir double resonance signal is dis- 
played in Fig. 3. For this trace the pump laser was tuned to 
the i?(13) Une of the (2-0) overtone band while the probe 
laser was tuned to the /?(16) transition of the (3-2) band. The 
abscissa of Fig. 3 is labeled using both time and the CO-CO 
hard sphere collision number (;C = ^HS[CO]0. The latter was 
calculated with the assumption that the hard sphere collision 
diameter is 4.0 A,^'' which gives a collision rate constant of 
^HS=3.4X 10"'° cm^ s"'. The advantage of using the colU- 
sion number scale is that it facilitates the comparison of data 
recorded at different pressures. 

As the vibrational frequency of CO is quite high (w„ 
- 2170 cm    )    the room temperature thermal population in 
i; = 2 is negligible. Consequently, prior to the pump pulse the 
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FIG. 4. Tlie figure displays the collision-dejpendent evolution of the P(2) 
lineshape following excitation of Ji=\. Since the pump laser had a sub- 
Doppler linewidth the probe laser absorption had to be corrected for the 
effects of velocity relaxation. Linewidths were extracted by fitting Gaussian 
fiuictions to the fequency-resolved data which are represented by the solid 
lines. 

transmittance of the probe laser beam through the CO ab- 
sorption cell is near 100%, as represented by the baseline in 
the double resonance signal (see Fig. 3). The pump laser 
pulse produced a near instantaneous population in J= 14 of 
0 = 2 and colUsions rapidly redistributed this population 
among the neighboring rotational levels. The rapid growth of 
population in J= 16 is visible as a sharp decrease in the 
probe transmittance inmiediately following the pump laser 
pulse. Although the transfer is fast, it clearly imparts a mea- 
surable rise time to the signal. This is illustrated by the inset 
in Fig. 3, where it can be seen that the J= 16 population 
reaches a maximum after just two hard sphere collisions. The 
double resonance signal contains information about both ro- 
tational and vibrational relaxation. RET is so rapid that it is 
complete within approximately seven hard sphere collisions 
(see below). The slow decay evident in Fig. 3 from about 15 
to 200 colUsions is caused by vibrational relaxation. 

The effects of velocity changing collisions were readily 
observed in these experiments. The pump laser Unewidth 
(—165 MHz) was narrower than the 3(X) MHz Doppler width 
(297 K) of the CO Hues occurring near 2.35 /*m. Conse- 
quently, the pump laser excited a velocity subgroup such that 
frequency scans of the probe laser over Unes that originated 
from the pumped level revealed a sub-Doppler linewidth. For 
low coUision numbers the levels populated by colUsions also 
exhibited sub-Doppler Unewidths, although these were 
broader than the Uneshape of the initially populated level. 
These results showed that velocity changing colUsions and 
RET were occurring with comparable rate constants. This 
circumstance compUcated the process of recording and ana- 
lyzing the time-resolved absorption data. As the lineshape 
changed with time it was not sufficient to monitor the popu- 
lation of a given level by observing the absorption at the line 
center. As the area under the absorption Une is proportional 
to the population, it would seem reasonable to record fre- 
quency scans of the probe laser over the absorption Unes for 
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FIG. 5. Experimentally determined collision-dependent excited state Une- 
widths (in MHz) for the Jf= 1, 2, 3, and 4 levels following excitation of 
/,=0. The experimental data is represented by dots while the line through 
the center of the data is a fit of the collision-dependent Unewidths using the 
fimction in Eq. (1). 

a range of pump-probe delay times. The populations could 
then be recovered from the integrated intensity data. Unfor- 
tunately, the data acquisition time for this approach places 
tmreasonable demands on the stability of the lasers. 

To overcome this problem the data acquisition was per- 
formed in two stages. First the time-dependent absorption 
signal for each probe transition was recorded with the probe 
laser tuned to the line center. Then the lineshape for each 
transition was recorded for a range of delay times. Line- 
widths were extracted by fitting Gaussian functions to the 
frequency-resolved data. For example. Fig. 4 shows the evo- 
lution of the P(2) Uneshape following excitation of /= 1. 
Plots of the linewidths of transitions from the /= 1, 2, 3, and 
4 levels, populated after excitation of J=0, are shown in Fig. 
5. The sigmoid shape of these plots is typical of all of the 
Unewidth versus collision number data. Time- and 
frequency-resolved data sets were recorded using /=0, 7, 
and 14 as the initially pumped levels. These levels were cho- 
sen as they sample the 3(X) K Boltzmann rotational distribu- 
tion below, at, and above the maximum. All final states in the 
range J=0-18 were examined, with the exception of / 
= 15. The latter could not be characterized as the probe laser 
would not operate at the frequencies that are resonant with 
theP(15) or«(15) lines. 

A. Data reduction 

To separate RET from the effects of vibrational relax- 
ation and velocity changing colUsions, corrections were ap- 
plied to the time-dependent absorption curves. As the absorp- 
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COLLISIONS 

FIG. 6. The figure displays collision-dependent population evolutions for 
Jf=2 after excitation of /,■ = 0. The upper trace A and lower trace B repre- 
sent a population evolution before and after being corrected for velocity 
relaxation, respectively. 

tion measurements were made with the probe laser tuned to 
the line center, it was necessary to adjust for the fact that the 
lines became broader with increasing numbers of collisions. 
The Une center absorption data can be rendered proportional 
to the population by dividing by the Unewidth. To perform 
this division it was convenient to represent the collision 
number dependent linewidths by parametric equations. The 
function 

^v{x)=al + 
l+exp[-(.r-Ci)/(/J (1) 

was found to give a good representation of the linewidth 
data, where aj, bi, Ci, and d^ are adjustable fitting param- 
eters. (In the following the subscripts for the fitting param- 
eters are chosen to coincide with the equation number.) Ex- 
amples of the fitted curves are shown in Fig. 5. The 
correction for velocity relaxation was then applied as a scal- 
ing factor that was inversely proportional to the hnewidth, 
such that 

F{Ji,Jf,x)=f{Ji,Jf,x) 
Av{x) 

AviO)' (2) 

where /(/,• ,Jf,x) is the measured absorption profile for ex- 
citation of Jj and observation of Jf. Figure 6 illustrates the 
effect of applying the correction for velocity relaxation. The 
curves shown here are for initial excitation of /; = 0 and 
detection of the population in Jf= 2. Traces A and B are the 
/(0,2,x) and F(0,2,x) functions, respectively. From this fig- 
ure it is clear that the error incurred by ignoring the velocity 
relaxation would be severe. 

The correction for vibrational relaxation was straightfor- 
ward. The rate constant for vibrational loss"*' from j; = 2 is 
k^ = 2.73 X10" '^ cm^ s"'. Rotational populations were 
monitored for delay times equivalent to about 15 colUsions, 

by which time rotational equilibrium had been achieved. 
During this time 12% of the initial population was lost 
through vibrational relaxation. To correct the absorption 
curves for this loss it was assumed that the rate constants for 
vibrational relaxation were independent of the rotational 
level. Absorption curves corrected for vibrational relaxation 
could then be defined by 

P{Ji ,Jf,x) = F{Ji ,Jf,x)cxp\ 
Kj,X 

^HS 
(3) 

where k^^ is the rate constant for CO-CO hard sphere col- 
Usions. 

The corrections described so far provided curves that 
reflected the change in the population of a given level as the 
number of colUsions increases, but the relative ampUtudes of 
the P{Jj ,Jf,x) curves for different values of 7,- and Jf were 
not meaningful. To generate a set of related curves we took 
advantage of the fact that the rotational distributions could be 
nearly thermaUzed within the typical upper coUision number 
of the measurements. After about seven colUsions the 
P{Ji,Jf,x) curves became almost flat, indicating that near 
rotational equilibrium conditions had been achieved. To pro- 
vide a way to represent the data, and a means to extrapolate 
to equiUbrium conditions, the P(Ji,Jf,x) curves were rep- 
resented by the expression 

P{Ji,Jf,x) 

= a^ 

+ 

1—exp(-fc4;c)- 
C4 

1 
c^+d. 

Z>4exp[-(c4 + ^4)j:]-(c4 + cf4)exp(-j?4x) 
Cn+d^ — b^ ,   (4) 

where 04, Z74, C4, and d^ are fitting parameters. A two stage 
procedure was used to fit Eq. (4) to the P{Ji,Jf,x) curves. 
First, each curve was fit independently to define the param- 
eters that control the shape of the curve {b^ through d^). In 
the second step the a^ values were scaled so that the rota- 
tional equiUbrium population was recovered for large values 
of ;c. Examples of the fitted curves for Ji = 0 and 7^=0, 1, 2, 
3, and 4 are shown in Fig. 7. The full set of parameters for aU 
of the curves recorded in this study is presented in Table I. 

For the initially excited level the rise time of the 
/(/,-,/, ,x) curve was very fast, and the probe signal reached 
a maximum within 20 ns. The InSb detector/preampUfier 
combination was not fast enough to respond Unearly to this 
signal, so the //=7, curves suffered from instrumental dis- 
tortion immediately following the excitation pulse. Because 
of this problem, fits to the //=/, data that were constrained 
to yield an equiUbrium population at large x did not give a 
good fit to the low x region of the curve. This deficiency is 
evident in the first panel of Fig. 7. As this problem originated 
from an instrumental artifact we did not impose any further 
corrections on the data. 
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FIG. 7. The collision-dependent rotational population evolutions for Jf 
=0, 1,2,3, and 4 after excitation of/,=0. The fit to the data is represented 
by the line through the center of the rotational populations using the para- 
metric Eq. (4). 

B. Definition of the master equation using scaling 
and fitting laws 

Once vibrational relaxation has been factored out, the 
evolution of the rotational population within the i; = 2 mani- 
fold is described by the set of coupled differential equations 
(the master equation) given by 

dNj 

dt 
= 2 (k]^j'Nj,-kj,^jNj)iCOl 
r 

(5) 

where Nj is the population of the /fli level (in number den- 
sity units) and kj^j, is the rate constant for transfer from 
level J' to /. In principle the summation in Eq. (5) runs over 
all possible rotational levels, but in practice it is sufficient to 
consider the subset of levels that have significant thermal 
populations. At 300 K more than 97% of the jwpulation of 
CO v = 2 resides in levels with /<20. To solve the equations 
for this set of levels we need a matrix of ^X) state-to-state 
rate constants. Applying detailed balance and setting the di- 
agonal elements to zero reduces the number of independent 
rate constants to 190, but this is still too many parameters to 
be determined from the data acquired in these experiments. 
Consequently, we have adopted the usual strategy of gener- 
ating families of rate constants from scaling and fitting laws. 
The laws that have been examined were derived from atom- 
molecule scattering formalisms. This approach is reasonable 
as the present measurements do not yield information con- 
cerning state changes of the colUsion partner. The observed 
transfer events were averaged over all rotational levels of 
ground state CO. This averaging has the effect of making the 
CO induced ttansfer behave as if the collision partner is 
spherically symmetric. Note that atom-molecule scattering 
models have been used successfully to treat diatom-diatom 
colUsions in previous studies. 

Three different models were used to generate the state- 
to-state rate constants. The first two were based on heuristic 
fitting law expressions. Previous investigators have used the 
modified energy gap (MEG) law and the statistical 
exponential-power gap (SPEG) law to analyze CO-CO RET 
data. In the present work we used the MEG law in the form 

, MEG . 

^««1   l+a,EiJ)lkT ]  "^P' kT (6) 

TABLE 1. Coefficients for Eq. (4) which represent the coUision-dependent rotational relaxation populations. 

Probe 
Pump i,=0 Pump J-=l Pump J,= 14 

fl* ^4 C4 rf4 "4 b. C4 d. 04 b. C4 d4 

0 21.672 150 1.7801 0.0162 0.428 0.9102 0,1708 0.5486 0.375 0.3662 8.8307 20.6670 

1 3.468 1.8143 0.9165 0.1824 1.472 0.6584 0.2169 0.4087 1.361 0.4600 8.9400 11.8000 

2 3.033 2.3048 0.5009 0.2198 2.029 0.8968 0.1179 0.3759 1.689 0.4270 5.7200 16.0000 

3 2,956 1.7657 0.3465 0.2452 3.486 0.6773 0.3207 0.4542 1.853 0.4320 3.4100 27,3000 

4 7.971 0.4761 1.2856 0.2889 3.108 1.1320 0.0995 0.3665 2.019 0.4620 1.3500 52,7000 

5 2.255 1.3803 0.1115 0,2907 2.990 1.9705 0.0183 0.1741 2,474 0.4740 3.8000 29.9000 

6 3.054 0.7907 0.3013 0.3929 3,146 1.8918 0.0284 0.3124 2,526 0.5170 3.0600 35.0000 

7 2.647 0.6611 0.2127 0.4178 35,780 150 1.15 0.1025 4.420 0.5280 3.5300 4.0300 

8 2.620 0.5418 0.2049 0.3889 3.385 1.5899 0.0974 0.5358 10.785 0.1460 0,5690 0.1550 

9 2.819 0.3851 0.2646 0.3612 3.695 0.9116 0.2446 0.6755 10.627 0.1670 OJ(m 0.1810 

10 2.039 0.4381 0.1287 0.3539 5.020 0.5713 0.7061 0,6977 23.894 0.1060 1.2600 0.1160 

11 1.774 0.4168 0.1114 0.3432 4.801 0.4922 0.7258 0.6310 2.740 0.9500 0.3320 0.6320 

12 1.782 0.3090 0.1347 0.2538 4,490 0.3170 0.5146 0.3960 2.974 1.26m 0.3540 0.3930 

13 1.613 0.2380 0.1069 0.1600 3,670 0.5077 3.4864 2.8660 2.637 1.5900 0.2950 0.3010 

14 3.406 0.3651 10.1914 3,2977 3,468 0.2197 0.3998 0.2680 29,730 160 1.09 0.0421 

15 
16 0.994 0.1965 0.1761 0.2104 1.726 0.3932 5.8482 6.2022 5.003 0.4730 1,3200 0.2190 

17 1.251 O.UO) 0.2247 0.1157 1.890 0.3237 8.8616 5.1436 1.753 0.6000 0.5660 0.2610 

18 1.173 0.0814 0.2148 0,0802 1.543 0.3213 10.5115 5.4570 1.021 0.6090 0.3780 0.2640 

"Parameter has unit of number density as (lO" molecules cm '); sufficient digits are quoted to reproduce the original data to Ml accuracy. 
•"Probe transitions from J/= 15 were not observed due to a gap in the laser tuning region. 
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for upward (/'>/) energy transfer. In Eq. (6), a^, b^, and 
Cg are fitting parameters, and ^.Ej,j is the magnitude of the 
energy gap, \E{J')-E{J)\. The Og parameter reflects the 
duration of the collision. To be consistent with earUer studies 
we have adopted the value a (, = 2. The version of the SPEG 
relation used here was defined by 

, SPEG -7      l-bjAEj,j 
(7) 

for upward transfer, where B„=2 is the CO rotational con- 
stant. Equations (6) and (7) imphcitly assume that there is no 
change in the angular momentum projection quantum num- 
ber (AMy=0) and that the density of transnational states is 
approximately unchanged by an RET event. Downward en- 
ergy transfer rate constants were obtained by applying the 
principle of detailed balance such that 

/ 2J+1 MEG/SPEG_ , MEG/SPEG    ^-^ ^ ^ ^'^J'J 

J-''     j'-j  \2j'+\r^\ kT 
AEr 

(8) 

The third model used to generate rate constants was the 
energy corrected sudden (ECS) scaling law. This model was 
developed from an approximate treatment of atom-diatom 
RET scattering dynamics. This formaUsm begins by assum- 
ing that the target molecule does not rotate during the colh- 
sion [infinite order sudden (lOS) approximation]. For 
CO-CO collisions the molecule does undergo some rotation 
during the collision and the lOS approximation must be cor- 
rected accordingly. The energy corrected sudden (ECS) scal- 
ing law is a modification of the lOS model that takes into 
account rotation of the molecule during the collision. The 
rotational energy transfer rate constant matrix was generated 
from the ECS expression 

'fcy^^y=(2/' + l)exp   — 
-E{J>) 

J'+J 

/=\J'-J\ 

J' 

0 

kT 

/ 

0 

[fi/>]' 

[ft^>]-2(2/+l)fcf^0' 

(9) 

where £(/>) is the larger of £■(/) or £"(/'), the term [:::] is 
a 3-/ symbol,''^ and detailed balance was imposed by the first 
two factors. The fly> term is the adiabatic factor that ac- 
counts for molecular rotation during the collision. In addition 
to the well-defined molecular parameters that determine ily> 
this factor also depends on the CO-CO interaction length 
(/c), which is treated as a variable fitting parameter. Equa- 
tion (9) generates the full matrix of rate constants from a 
single basis vector defined by the A:/^o values. These, in 
turn, have been derived from various parameterization 
schemes. In the present study we have used the exponential- 
power gap relation 

a 10 

[/■(/+1)]^ 
-expi 

kT (10) 

where ajo, ZJJO, and cjo are fitting constants. 
Equations (7)-(10) do not include terms that could in- 

troduce preferences based on the panues of the initial and 

final rotational states. However, the energy transfer data for 
CO do show a tendency to preserve the parity when the 
amount of energy ttansferred is small. For the X '2 "^ state of 
CO, this tendency makes transfer events that cause even 
changes in / to be more probable than odd A/ transitions, 
when the energy gaps for the two processes are similar. From 
carefiil inspection of the fiiU data set it was evident that the 
tendency to preserve the parity decayed with increasing 
amounts of transferred energy. The rate constant generating 
equations were modified to account for the parity preference 
by multiplying by the factor 

p(7',y)= 1 + 
■ 2   ^ AEj,j [! + (-!) 7'+/+l 

X 1-I-Z>iiexpl 
-Cii£(J') 

kT (11) 

This empirical expression was found by experimenting with 
various trial functions. 

C. Computational simulations of the relaxation 
kinetics 

Simulations of the RET data were made by numerical 
solution of Eq. (5) using a fourth-order Runge-Kutta 
method. To ensure that sufficient levels were considered in 
the model, all J levels in the range /=0-29 were included. 
The MEP, SPEG, and ECS-EP fitting law expressions were 
fitted to the family of P(/, ,Jf,x) curves by minimizing the 
variance between the predicted and observed population pro- 
files. To facihtate calculation of the variance each 
P{Ji,Jf,x) curve was sampled at 100 points over the range 
from x = 0 to 11.5. 

For the first fitting cycle the rate constant expressions 
were used without the parity preference factor. The largest 
errors were associated with the populations in the initially 
excited levels /, = 0 and /,= 14 (for example, see the top 
trace in Fig. 7). As noted above, these errors originated from 
instrumental artifacts. Hence the population evolutions for 
the initially excited levels, and a few other curves that ex- 
hibited low signal-to-noise ratios, were removed from the fit. 
The scaling and fitting law parameters determined from the 
computer simulations, along with the Hterature values deter- 
mined from pressure broadening studies of the Raman 
Q-branch spectrum, are Hsted in Table n. The estimated er- 
rors for each of the parameters were obtained by varying the 
parameter until a 10% increase in the variance was obtained 
while holding all other parameters constant.''^ ""'^ The SPEG 
fitting law generated rotational transfer rate constants that 
best reproduced our data. The variance for the SPEG law 
was —8% smaller than the best-fit variance of the MEG law. 
Surprisingly, the ECS-EP scahng law, which is derived from 
theoretical concepts, had the largest variance. However, the 
ECS-EP determined CO-CO interaction parameter (/<,) was 
a reasonable value of 6.4(±1.6) A that is comparable to the 
5.45(±65) A value determined from Raman g-branch pres- 
sure broadening coefficients.'^ The largest discrepancy be- 
tween our parameters and the literature values (see Table II) 
occurs for the preexponential factor (ay) of the SPEG law. 
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TABLE n. Comparison of the experimentally deteimined fitting parameters. 

Fitting results 

Parameters MEG (j = 6) SPEC (1=7) ECS-EP(j=10) 

af/(10     cm molecules    s   ) 

4(A) 
^1 

6.62(32)" 
1.430(42) 
1.192(86) 

e 

13.75 

10.00* 
1.462 
1.246 

11.60(58) 
1.078(49) 
0.228(11) 

12.75 

48.67^^ 
1.295 
0.265 

7.04(47) 
0.076(24) 
0.779(15) 
6.4(1.6) 

17.58 

7.71(12)* 
0.0543(21) 
0.7539(43) 

5.45(65) 

"Experimental values fonn this work. Values in parenthesis are estimated error which were obtained by varying the parameter until a 10% increase in the 
variance was obtained while holding all other parameters constant. 

•Experimental vidue, Ref. 13. 
'Experimental value, Ref. 14. 
■"Experimental value, Ref. 12. 
"Parameter not associated with the fitting law. 
'Variance between experimental and computer simulated population evolutions. 

which was determined previously by Looney et al}^ The dis- 
crepancy in the a-j value occurs because Looney et al}^ re- 
stricted their relaxation model to allow only even A/ transi- 
tions, as this constraint improved the fit of their Raman 
Q-branch pressure broadening data. 

Further calculations were performed to see if inclusion 
of the parity preference term could significantly improve the 
fits. The addition of the parity term greatly improved the 
SPEG fit, reducing the variance by more than —45%, The 
greatest decrease in the average error per data point was for 
low / population evolutions. The parameters from the best-fit 
simulations are Usted in Table III, The parity preference term 
also moderately improved the ECS-EP population evolu- 
tions, while it had minimal beneficial effects on the MEG 
law (compare the variance in Tables II and III). The parity 
weighted fit to the MEG model did not return statistically 
significant values of the fitting parameters of Eq. (II). The 
only parity parameter defined by the fit to the ECS-EP model 
was Oil. 

The collision-dependent rotational level population evo- 
lutions for/=0-18 following excitation of the/, = 0,7, and 
14 levels are displayed in Figs. 8-10, respectively. In each of 
the figures the simulated populations are represented by the 
smooth curves through the raw data. These simulations were 
made using the SPEG model with inclusion of the parity 

preference term. To show the quaUty of the fit for levels vwth 
small equiUbrium populations, the data in Figs. 8-10 are not 
all displayed on the same relative intensity scale. The agree- 
ment between the experimental data and the model was very 
favorable, with most of the simulations lying within the 
noise limits of the experimental data. One distinctive feature 
of the data was that the populations level off at about seven 
CO-CO hard sphere coDisions as the v = 2 manifold ap- 
proached a Boltzmann distribution. The kinetic behavior in 
the range x=0-7 follows the pattern expected for relaxation 
to a thermal distribution. For excitation of J,=0 the popula- 
tion moves upward, towards the 3(X) K Boltzmarm maxi- 
mum. As the energy gap dependence favors colUsions that 
exchange small amounts of rotational energy, the higher J 
levels are populated by muMcolUsion pathways. 

As the J=7 level is at the maximum of the equiHbrium 
population distribution, energy transfer following excitation 
of this level flows both to higher and lower / levels. This 
pattern is evident in Fig. 9. For this situation the population 
in the levels adjacent to /, = 7 increase smoothly, showing 
just the sUghtest hint of passing through a maximum near x 
= 2. 

Following the excitation of/,= 14 (see Fig. 10) a slight 
build up of population was observed in the adjacent levels 
at low collision numbers. The /= 14 level Ues above the 

TABLE III. Experimentally determined parameters for the MEG, SPEG, and ECS-EP fitting and scaling laws with the addition of a parity piBfeience factor. 

Fitting results 

Parameters MEG* (1 = 6) SPEF(i = 7) ECS-EP (j= 10) 

a,(10 " cm'molecules 's  ') 

hi 

I. (A) 

b„ 

5.92(33)" 
1.390(47) 
1.114(72) 

e 

0.20(33) 
0.20(21) 
114(108) 

12.44 

12.12(50) 
1.046(34) 

0.2629(90) 

-0.38(19) 
0,28(10) 
4.7(2.0) 

6.91 

7.32(39) 
0.046(22) 
0.791(10) 
4.4(1.7) 

-0.629(92) 
0.14(16) 
161(133) 

10.92 

"Experimental values from this work. Values in parenthesis are estimated error which were obtained by varying the parameter until a 10% increase in the 
variance was obtained while holding all other parameters constant. 

•"Scaling and fitting laws with the addition of a parity preference factor. 
'Parameter not associated with the fitting law. 
■"Variance between experimental and computer simulated population evolutions. 
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no. 8. The collision-dependent rotational population evolutions for Jf 
= 0-18, with the exception of Jf= 15, following the excitation of 7j=0. 
The computer simulated rotational populations are represented by the line 
through the experimentally determined rotational populations using the 
SPEG fitting law with the addition of the parity preference term. 
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FIG. 9. The collision-dependent rotational population evolutions for Jf 
= 0-18, with the exception of Jf= 15, following the excitation of /i=7. 
The computer simulated rotational populations are represented by the line 
through the experimentally determined rotational populations using the 
SPEG fitting law with the addition of the parity preference term. 

Boltzmann maximum, such that it has an equilibrium popu- 
lation of —3.8% of the total for v = 2. Following excitation 
of /= 14,83.6% of the population must evolve to lower, and 
12.6% must evolve to higher rotational levels. The energy 
gap between consecutive levels is quite large in the vicinity 
of/= 14, so the fastest removal rates are those to the neigh- 
boring rotational levels. As these levels are still well above 
the Boltzmann maximum, their population profiles show 
maxima near x = 2. 

IV. DISCUSSION 

The SPEG model, weighted for parity preferences, gave 
by far the best fit to the experimental data. To illustrate the 
magnitude of the parity selection term, Fig. 11(a) shows the 
differences between SPEG rate constants determined with 
and without the parity weighting. Note how the parity pref- 
erence decays with increasing A/. To compare the properties 
of the MEG, SPEG, and ESC-EP models it is helpful to 
examine the sets of rate constants that were determined with- 
out considering the parity weighting. Rate constant matrices 
for the three models are displayed graphically in Figs. 11(b)- 
11(d). The main defects of the best fit MEG model were that 
it underestimated the rate constants for small A/ transitions 
out of 7=0, and the rate constants decreased too rapidly with 
increasing A.J [compare Figs. 11(b) and 11(d)]. The ECS-EP 
model generated rate constants for transfer out of the higher 
rotational levels that were too small. This defect can be seen 
by comparing Figs. 11(c) and 11(d). 

All of the models predicted that multiquantum transfer 
collisions are important in CO-CO RET. This is not surpris- 
ing as the rotational constant for CO (5„=2= 1-888 cm"')''* 
is relatively small compared to kT at room temperature. 
Table IV shows the partitioning of the total removal rate 
constant over a range of |A/| values for the SPEG model 
with parity weighting. Here it can be seen that events with 
I Ay I as high as 6 make an appreciable contribution to the 
RET kinetics. The last column in Table IV lists the total 
removal rate constant for each initial level. The rate constant 
for loss of population from J=0 is the largest and the rate 
constants fall slowly with increasing J over the range from 
y, = 0 to 12. In part, this gradual decrease occurs because the 
energy gaps surrounding the initial level increase linearly 
with J. 

Consideration of the linewidth data recorded under low 
collision number conditions reveals an interesting correlation 
between the amount of rotational energy transferred and the 
associated effect on the inhomogeneous linewidth of the 
probe transition. Plots of the linewidth data, such as those 
shown in Fig. 5, can be extrapolated back to the y-axis inter- 
cept to obtain the single collision linewidth Umit. Initial Une- 
widths for levels populated by transfer from 7—0 are given 
in Table V. When these data are correlated with the kj^Q rate 
constants it is apparent that the smallest linewidths are asso- 
ciated with the largest rate constants. This trend is consistent 
with a classical model of the RET dynamics. Large rate con- 
stants occur when the transfer process can be induced by 
coUisions that have large impact parameters. Since it is the 
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FIG. 10. The collision-dependent rotational population evolutions for Jf 
=0-18, with the exception of//=15, following the excitation of/,.= 14. 
The computer simulated rotational populations are represented by the line 
through the experimentally determined rotational populMions using the 
SPEG fitting law with the addition of the parity preference term. 

long-range region of the CO-CO interaction potential that is 
sampled by these collisions the forces acting between the 
colUsion pairs are weak, so the amount of rotational energy 
that can be transferred is small (this is one of the factois 
responsible for the energy gap dependence of the rate con- 
stants). As these weak colUsions are not very effective in 
reorienting the velocity vectors, rotational transfer occure 
without much change in the linewidth of the probe transition 
(as compared to the linewidth of the velocity distribution 
created by the excitation laser). Conversely, small impact 

parameter (hard) collisions are needed to transfer larger 
quantities of rotational energy. These events sample the re- 
pulsive wall of the intermolecular potential, where the inter- 
molecular forces are relatively strong. The smaller cross sec- 
tions for these events lead to smaller rate constants while the 
hard collisions are effective in reorienting the velocities and 
thereby broadening the initial linewidth of the probe transi- 
tion. 

This simple picture of the colUsion dynamics can also 
account for the behavior of the parity preference when the 
general details of the intermolecular potential energy surface 
are considered. To understand the origin of the parity prefer- 
ence it is convenient to consider an atom-rigid diatom model 
and expand the intermolecular potential in terms of Legendre 
polynomials. Jacobi coordinates are used for this expansion, 
where R is the distance between the centers of mass of the 
colliding pair and B is the angle between R and the C-0 
bond axis of the target molecule. The effective intermolecu- 
lar potential can then be expressed by the equation 

V(R,#) = 2 C^<«)P/<cos 0), (12) 

where the C/(R) functions are radially dependent expansion 
coefficients and the P/(cos 0) term are Legendre polynomi- 
als. The even-/ terms in this expansion do not mix the parity 
states of the target CO, so they can only mediate transfer 
between levels of the same parity (even A/ transitions). The 
odd-/ terms mix states of opposite parity, mediating odd A/ 
transfer. As the charge distribution of the CO molecule is 
fairly symmetric, the expansion of the long-range region of 
the intermolecular potential is dominated by even-/ terms. 
Hence the large impact parameters events (small amount of 
rotational energy transferred, with little change in the line- 
width) have the greatest tendency to conserve the parity. At 
short range the repulsive wall of the potential shows signifi- 
cant differences for the two ends of the molecule, so this part 
of the potential is represented by both even and odd terms in 
Eq. (12). Consequently hard colUsions are less Ukely to con- 
serve the parity. The data for transfer from /,=0 to the / 

3 1 h 
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FIG. 11. (a) A bar graph that illiKtrates the difference 
between SPEG rate constants determined with and 
without the parity weighting. Three-dimensional plots 
of the best fit rate constant matrices generated flx)m the 
MEG, SPEG, and ESC-EP models are displayed graphi- 
cally in (b)-(d). 
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TABLE IV. Percent fractional contribution of single and multiple quantum state transitions which remove population from the initial state J. 

Percent fractional removal rate 

Inital Total removal 
J |A7| = 1 2 3 4 5 6 7 8 9 10 11 12 rate 

0 17.74 17.48 12.24 11.13 8.45 7.41 5.69 4.81 3.66 2.98 2.22 1.75 52.3" 
1 24.52 16.25 11.73 10.42 7.94 6.82 5.21 4.32 3.25 2.60 1.91 1.47 46.5 
2 28.83 19.34 10.81 9.39 7.12 5.99 4.53 3.69 2.74 2.15 1.56 1.18 43.2 
3 29.84 22.47 12.46 8.44 6.34 5.23 3.90 3.11 2.28 1.75 1.25 0.93 40.5 
4 29.74 23.29 14.72 9.60 5.62 4.54 3.35 2.62 1.89 1.42 1.00 0.73 38.3 
5 29.16 23.16 15.61 11.47 6.43 3.95 2.86 2.19 1.56 1.15 0.80 0.57 36.6 
6 28.40 22.60 15.77 12.27 7.89 4.67 2.45 1.84 1.28 0.93 0.63 0.44 35.4 
7 27.62 21.86 15.54 12.45 8.63 6.01 3.06 1.55 1.06 0.76 0.50 0.35 34.6 
8 26.87 21.10 15.14 12.30 8.90 6.73 4.20 2.15 0.88 0.61 0.40 0.27 34.0 
9 26.18 20.38 14.67 11.98 8.89 7.04 4.87 3.22 1.41 0.50 0.32 0.21 33.7 
10 25.52 19.70 14.21 11.61 8.74 7.10 5.21 3.88 2.35 1.02 0.26 0.17 33.5 
11 24.89 19.06 13.76 11.24 8.54 7.04 5.35 4.25 2.96 1.89 0.71 0.13 33.5 
12 24.27 18.46 13.34 10.89 8.33 6.92 5.38 4.43 3.33 2.48 1.48 0.56 33.5 
13 23.66 17.88 12.93 10.56 8.13 6.80 5.37 4.52 3.54 2.85 2.01 1.27 33.6 
14 23.06 17.32 12.55 10.26 7.94 6.68 5.33 4.55 3.66 3.07 2.36 1.77 33.7 
15 22.48 16.78 12.17 9.96 7.76 6.57 5.30 4.57 3.73 3.21 2.58 2.10 33.8 
16 21.92 16.27 11.81 9.68 7.59 6.47 5.27 4.58 3.79 3.31 2.73 2.32 34.0 
17 21.38 15.78 11.47 9.42 7.43 6.37 5.23 4.58 3.83 3.38 2.83 2.47 34.1 
18 20.86 15.32 11.14 9.16 7.27 6.27 5.20 4.59 3.87 3.44 2.92 2.55 34.3 
19 20.37 14.88 10.83 8.92 7.12 6.18 5.16 4.58 3.91 3.49 2.95 2.64 34.5 
20 19.90 14.47 10.54 8.70 6.98 6.08 5.12 4.58 3.93 3.49 3.02 2.72 34.6 
21 19.47 14.08 10.27 8.49 6.84 5.99 5.07 4.56 3.87 3.53 3.08 2.79 34.8 
22 19.06 13.72 10.01 8.29 6.72 5.91 5.03 4.42 3.89 3.57 3.13 2.85 34.9 
23 18.68 13.39 9.78 8.11 6.60 5.83 4.80 4.42 3.91 3.59 3.17 2.90 35.0 
24 18.35 13.10 9.57 7.95 6.50 5.44 4.79 4.42 3.92 3.62 3.21 2.95 35.1 
25 18.06 12.84 9.40 7.82 5.89 5.42 4.78 4.42 3.93 3.64 3.24 2.99 35.0 
26 17.86 12.65 9.27 6.79 5.89 5.42 4.79 4.44 3.96 3.67 3.28 3.03 34.9 
27 17.80 12.56 7.55 6.82 5.92 5.46 4.83 4.48 4.00 3.72 3.33 3.09 34.5 
28 18.02 9.34 7.70 6.96 6.05 5.58 4.95 4.59 4.11 3.82 3.43 3.19 33.5 
29 11.86 9.85 8.13 7.35 6.40 5.90 5.24 4.86 4.36 4.06 3.65 3.40 31.5 

"Units of (10  " cm'molecules  's  ') determined for the best-fit of data using the SPEG law and a parity preference factor. 

= 1 and 2 levels supports this view of the dynamics. The 
initial linewidth for 7=1 is greater than that for 7=2, de- 
spite the larger energy gap for A/=2 transfer (cf. Table V). 
This situation occurs because the A/= 1 transfer requires 
colUsions that sample the asymmetric region of the potential. 

TABLE V. Initial linewidths for levels populated by collisions from 7, = 0 
and 7. 

10 
11 
12 
13 
14 
16 
17 
18 

^v(J■=Q)Y 

74 
115 
91 
109 
113 
117 
112 
111 
122 
120 
128 
131 
137 
143 
144 
143 
143 

^v{J■=l) 

135 
121 
116 
118 
126 
121 
125 
71 
122 
116 
127 
131 
127 
142 
141 
140 
143 

"MHz units. 

The question of whether it is energy transfer or angular 
momentum transfer that governs RET has been examined by 
previous investigators.'*^''*^ For atom-diatom colUsions, 
models have been proposed that predict that it is angular 
momentum transfer that determines the probabilities. In the 
present study the linewidth data provides some insight con- 
cerning the factor that is most important in CO-CO RET. 
The initial linewidths for levels populated by transfer out of 
Ji = l may be compared with the corresponding Unewidths 
for /;=0 in Table V. The overall trend is that the linewidths 
for levels populated from 7—0 are narrower than those for 
levels populated from 7, = ? when transitions with the same 
value of A/ are compared. While the amount of angular 
momentum is defined by A/ the energy transfer is dependent 
on Ay and /,-. The larger linewidths for transfer out of /, 
= 7 are consistent with the dynamical model presented 
above, and indicative of transfer governed by the energy 
gaps. 

V. SUMMARY 

IR double resonance techniques were used to examine 
rotational energy transfer and velocity redistribution in 
CO-CO collisions. These measurements involved pulsed ex- 
citation of a single / level and time-resolved cw spectro- 
scopic probing of the initially excited level and levels close 



9292       J. Chem. Phys., Vol. 116, No. 21,1 June 2002 Phipps et al. 

enough in energy to be populated by collisional transfer. 
Time-dependent rotational populations were characterized 
for 54 pairs of initial and final rotational states. The RET 
data were analyzed by numerically solving the master equa- 
tion. Scaling and fitting laws were used to generate the rate 
constants for the master equation. Three types of fitting law 
expressions were investigated: MEG, SPEG, and ECS-EP, 
The best results were obtained using the SPEG model. Trans- 
fer events that involved small changes in the rotational en- 
ergy showed a preference for even-AJ transitions, which 
preserve the parity of the target molecule. The SPEG equa- 
tion, multipMed by an empirical function to take parity 
weighting into account, gave excellent agreement with the 
experimental data. 

The probe transition linewidths of the colUsionally popu- 
lated levels were also examined in this study. For conditions 
that were effectively single collision we observed a correla- 
tion between the inhomogeneous linewidths and the corre- 
sponding state-to-state transfer rate constants. In essence, the 
Unewidths decreased as the rate constants increased. This 
behavior was interpreted in terms of a simple classical me- 
chanics model. The large rate constants correspond to pro- 
cesses mediated by long-range interactions that have Httle 
effect on the velocity distribution (minimal inhomogeneous 
Une broadening), whereas small rate constants are ^sociated 
with hard collisions that reorient the velocity vectors. The 
classical model was also consistent with the observation that 
the tendency to preserve the parity (which favors A/-even 
transfer) was lost as die amount of rotational energy ex- 
change increased. This behavior was seen because soft col- 
hsions sample the near-symmetric long-range region of the 
intermolecular potential, while hard colhsions rebound from 
the asymmetric repulsive wall. 

This study is the first to provide sufficient state-to-state 
rate constant data for a critical evaluation of the scaHng and 
fitting law models as they apply to CO-CO colhsions. In 
addition to providing a detailed picture of CO RET dynam- 
ics, the results reported here will be of value for fiiture stud- 
ies of the kinetics of discharge and optically pumped CO 
lasers. 
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